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R123Infection: Microbial Nucleases Turn
Immune Cells Against Each OtherBacteria subvert the immune system by suppressing antimicrobial responses
or directly killing immune cells. A new study shows that Staphylococcus aureus
can also turn antimicrobial responses to its advantage by converting neutrophil
extracellular traps into a bacterial weapon against macrophages.S. aureus
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Figure 1. Macrophages are excluded from an S. aureus abscess.
Cross-section of an S. aureus abscess depicting the fibrin-enclosed bacterial community core
surrounded by a macrophage-free neutrophil zone and an outer macrophage-rich layer.Venizelos Papayannopoulos
Microbes can coexist with multicellular
organisms to acquire nutrients and
replicate. Non-pathogenic microbes
colonize their host in a non-invasive
manner, living off the scraps from the
food table. In contrast, pathogenic
microbes can opt to go for the full feast
by invading their host. Invasion
provides microbes with a large supply
of nutrients in an environment where
they don’t have to compete with other
microbes. However, invasion also
places these intruders within the target
sites of a multilayered and highly
sophisticated immune system.
To thrive in this hostile environment,
pathogenic microbes must evade the
immune system. Some microbes hide
successfully inside host cells [1].
Instead, Staphylococcus aureus and
other pyogenic bacteria trigger an
immune response that encloses them
inside a protective compartment
known as an abscess. S. aureus is a
commensal Gram-positive bacterium
that infects millions every year,
targeting soft tissues, bones, heart, the
respiratory system and the digestive
tract. The most severe infections
disseminate and can lead to
bacteremia and sepsis [2]. The
formation of an abscess is an effective
immune strategy to contain the
invading microbe in order to prevent
dissemination and systemic infection.
Neutrophils and macrophages are
important professional phagocytes
that engulf microbes to kill them
intracellularly. They form a protective
buffer zone around the bacterial colony
that is enclosed in a fibrin capsule [3,4].
The dynamics involved in abscess
formation are not well understood.
The immune cells can kill the bacteria,
but S. aureus can also kill immune cells
by secreting toxins [4]. Thus, an
abscess constitutes a ‘stand-off’
where neither of the opponents is
attacking the other — at least not
directly. In a recent study,
Thammavongsa et al. [5] reveal thatbacteria have developed sophisticated
strategies not only to avoid immune
cells, but also to turn the immune
system’s weapons against immune
cells. This strategy does not involve
detrimental toxins but ‘harmless’
enzymes that degrade DNA.
Although virulent S. aureus strains
produce toxic factors that kill
neutrophils, these cells are able to
mount several antimicrobial responses
[4]. Neutrophils engulf and kill bacteria
intracellularly, but can also release
neutrophil extracellular traps (NETs) [6].
NETs are large, extracellular, web-like
structures that are composed of
decondensed chromatin. NETs trap,
disarm or kill a variety of pathogens [7].
NETs are generated via a novel form of
cell death — so-called NETosis — but
a small fraction of neutrophils has been
reported to rapidly release NETs by
expelling their nuclear material without
dying [8,9]. NETs have been shown to
be important in preventing S. aureus
dissemination in animal models [9].
On the other hand, the role of
macrophages has been unclear. In their
effort to investigate the role and fate of
macrophages in S. aureus abscesses,
Thammavongsa et al. [5] observed that
macrophages were absent in a large
zone immediately adjacent to the
bacterial colony. Macrophages werefound only in the outermost periphery
(Figure 1). This was surprising since
macrophages are abundant in lesions
formed in response to other bacteria
[10]. What could be preventing these
cells from accessing the core of an
S. aureus abscess? The authors found
that the bacteria were able to kill
macrophages by inducing apoptosis.
This is not surprising, since the
cytotoxic ability of S. aureus is well
known. But the mechanism was
completely unexpected as it revealed
that the microbes turned one of the
immune system’s powerful weapons
against itself.
Pathogenic S. aureus strains and
several other bacterial species express
nucleases — enzymes that degrade
DNA. These bacterial DNAses were
known to make bacteria more invasive
and pathogenic, but the underlying
mechanism remained elusive. The
discovery of NETs led to several
research groups demonstrating that
these enzymes were employed by
bacteria to degrade NETs and allow
microbes to escape entrapment in
NETs [11–13]. Thammavongsa et al. [5]
found that this is not the end of the
story and that these enzymes play a
key role in shaping the infection
microenvironment. The authors
screened for virulence factors that
mediate macrophage exclusion from
the abscess core and found that
exclusion depended on the expression
of two bacterial enzymes. When the
authors mixed these enzymes with
NETs they found that the end product
was toxic to macrophages. They
identified the cytotoxic compound as
deoxyadenosine (dAdo). Importantly,
both bacterial enzymes were required
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Figure 2. S. aureus employs a three-step mechanism to turn NETs against macrophages.
Infection activates neutrophils to release NETs (1). S. aureus secretes nuclease (N; phosphodiesterase) and AdsA (A; 5’, 3’-nucleotidase) to
degrade NETs into deoxyadenosine (dAdo) (2). dAdo triggers apoptosis, eliminating macrophages from the vicinity of the abscess (3).
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R124for cytotoxicity. The authors showed
that one S. aureus nuclease (Nuc) with
phosphodiesterase activity degraded
NETs to generate phospho-
mononucleotides and -dinucleotides,
while another enzyme with
3’-nucleotidase activity called AdsA
removed the phosphate group
to generate dAdo. dAdo had been
previously shown to induce apoptosis
of immune cells and human
immunodeficiency by promoting the
accumulation of intracellular dATP [14].
The authors found that NET-derived
dAdo targets macrophages and
induces cell death via apoptosis
(Figure 2). Surprisingly, dAdo had little
effect on neutrophils. This fascinating
strategy does not involve the
suppression of the antimicrobial
response, but on the contrary,
it must invoke it to promote immune
cell death.
Macrophages are much less efficient
in killing bacteria than neutrophils.
So why is it important to eliminate
macrophages and other immune cells
from the vicinity of the abscess?
A possible explanation may lie with the
central concept of an abscess being
a ‘stand-off’ between the microbe and
the immune system. Immune cells do
not invade the microbial core of the
abscess in order to avoid triggering
dissemination. An ‘open’ engagement
could result in sufficient numbers of
bacteria killing enough neutrophils via
their toxins to allow them to spread
to internal organs. Therefore, the most
effective strategy for the immune
system is to contain the infection untilthe adaptive response can generate
neutralizing antibodies that block
bacterial toxins and enhance killing
efficiency. Importantly, although
macrophages and other
antigen-presenting cells are much less
effective in killing microbes than
neutrophils, they are much more
efficient in presentingbacterial antigens
tomount an adaptive immune response
[15]. S. aureusmust remain undetected
by the immune system for as long
as possible, and elimination of
antigen-presenting cells in the abscess
may be a critical strategy for a
persistent infection. Another important
role of macrophages is to clear dead
cell debris, sequestering nutrients
away from the bacteria. The dead
macrophages may even provide
an additional local nutrient supply.
Macrophagedeathmay also explain the
lack of tissue repair that is associated
with persistent S. aureus infections.
The host NET clearance pathway
may also contribute to dAdo generation
during infection in vivo. NETs are
normally degraded by the serum
DNase I, which generates oligo-
and mono-nucleotides [16]. The
difference in NET abundance and
virulence between nuclease-positive
and -negative strains in vivo suggests
that the levels of serum DNase I are
much lower than those of microbial
endonucleases, although bacterial and
host DNases may synergize to some
degree.
This mechanism may be relevant
in other human pathologies, such as
cystic fibrosis (CF), a genetic disordercaused by mutations in the cystic
fibrosis transmembrane conductance
regulator channel that result in the
production of viscous sputum in
the lung that is difficult to clear [17].
NETs are thought to be the main
source of extracellular DNA that
makes the sputum of these patients
viscous [18]. CF patients often suffer
from persistent infection with
Pseudomonas aeruginosa and other
bacteria that form biofilms and have
evolved various additional virulence
mechanisms to exploit the
hyperinflammatory environment in the
lungs of CF patients [17]. P. aeruginosa
express enzymes that damage or
incapacitate neutrophils but also
carry a gene called cpdB that encodes
a 3’-nucleotidase [19]. Many CF
patients receive daily inhalations
of recombinant DNase to degrade
the extracellular DNA, solubilize
sputum and facilitate clearance [17].
The combination of high doses
of therapeutic nuclease and
bacterial-derived 3’-nucleotidase may
generate enough dAdo to kill
macrophages and other lung cells
and further enhance the virulence of
this microbe. While this possibility
has yet to be explored, it suggests
that alternative therapies that block
NET formation may be more beneficial
than DNase therapy.
The emergence of the virulence
mechanism discovered by
Thammavongsa et al. [5] suggests
that blocking these bacterial
nucleases may provide a therapeutic
approach to treat persistent S. aureus
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R125infections, in light of many strains
becoming increasingly resistant to
antibiotics. However, over time
S. aureus strains will certainly
develop resistance in these nuclease
enzymes as well. A more long-lasting
therapeutic avenue may be to
inhibit NET formation by targeting
host enzymes, which will not
mutate over time. Since NETs are
not only ineffective against
these NET-degrading S. aureus
strains but also enhance microbial
virulence, neutrophil elastase inhibitors
that block NETosis could be used
to treat persistent S. aureus infections
[20]. This therapeutic strategy may be
counter-intuitive but the mechanism
uncovered in this recent study
suggests that it is worth exploring.
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Percepts into MemoriesA new study shows that local field potential oscillations in the human entorhinal
cortex and hippocampus are correlated with visual awareness.Ueli Rutishauser
We can reply to the question ‘did the
image contain an animal?’ with
apparent ease, but doing so requires
complex visual processing enabled
by the cooperation of large numbers
of neurons in different areas of the
brain. For example, neurons in early
sensory cortices respond to local
visual features such as oriented
edges, whereas neurons in higher
visual areas respond to abstract
concepts such as faces [1]. Further
downstream in the medial temporal
lobe (MTL) are areas such as the
hippocampus and the amygdala,
which receive this highly processedvisual information as input. In
humans, some neurons in these
areas respond only when a specific
familiar object or individual is shown
[2]. The neural circuits and
computations that lead to such
abstract visual responses are only
beginning to be understood. While
early investigations have focused on
how single neurons are tuned to visual
features or categories, more recent
studies have highlighted the
importance of synchronized
oscillations in coordinating activity
among the many neurons involved
in object recognition.
A new study [3] reported in this issue
of Current Biology now shows thatawareness of visual objects goes
hand-in-hand with certain local field
potential (LFP) oscillations within
the MTL. The LFP is the low-frequency
(<300 Hz) component of the
extracellular potential and is
measured with a microelectrode.
It is predominantly determined by
the transmembrane currents caused
by synaptic activity around the tip of
the electrode [4]. Oscillations in the
LFP are thus indicative of oscillations
in synaptic activity.
When presenting a sensory stimulus
for a short period of time, conscious
experience can vary trial-by-trial even
for identical inputs. For vision, this
phenomenon is readily produced by
presenting a picture on a screen for
less than 100 ms, followed by a mask
(Figure 1A). In this situation, perceptual
awareness varies in an abrupt manner,
where most stimuli are perceived and
subjectively reported as either visible
or invisible [5,6]. When a stimulus is
invisible and thus failed to reach
